Largely zonal winds in the Southern Ocean drive an equatorward Ekman transport that constitutes the shallowest limb of the meridional overturning circulation of the Antarctic Circumpolar Current (ACC). Despite its importance, there have been no direct observations of the open ocean Ekman balance in the Southern Ocean until now. Using high-resolution repeat observations of upper-ocean velocity in Drake Passage, a mean Ekman spiral is resolved and Ekman transport is computed. The mean Ekman currents decay in amplitude and rotate anticyclonically with depth, penetrating to ;100-m depth, above the base of the annual mean mixed layer at 120 m. The rotation depth scale exceeds the e-folding scale of the speed by about a factor of 3, resulting in a current spiral that is compressed relative to predictions from Ekman theory. Transport estimated from the observed currents is mostly equatorward and in good agreement with the Ekman transport computed from four different gridded wind products. The mean temperature of the Ekman layer is not distinguishable from temperature at the surface. Turbulent eddy viscosities inferred from Ekman theory and a direct estimate of the time-averaged stress were O(10 2 -10 3 ) cm 2 s 21 . The latter calculation results in a profile of eddy viscosity that decreases in magnitude with depth and a time-averaged stress that is not parallel to the time-averaged vertical shear. The compression of the Ekman spiral and the nonparallel shear-stress relation are likely due to time averaging over the cycling of the stratification in response to diurnal buoyancy fluxes, although the action of surface waves and the oceanic response to high-frequency wind variability may also contribute.
Introduction
Circumpolar integration of the Southern Ocean Ekman transport results in estimates ranging from 25 to 30 Sv (1 Sv [ 10 6 m 3 s
21
; Sloyan and Rintoul 2001; Speer et al. 2000) . The Ekman layer thus constitutes the shallowest limb of the meridional overturning circulation of the Antarctic Circumpolar Current (ACC), a key component of the coupled ocean-atmosphere climate system (Deacon 1937; Sloyan and Rintoul 2001; Speer et al. 2000) . Despite the large transport, Ekman currents are difficult to observe because these currents are very small, typically only a few centimeters per second, and are masked by the larger pressure-driven flows, such as tides, internal waves, and the geostrophic currents of the ACC. Highly variable Southern Ocean winds further complicate the extraction of mean Ekman currents from direct observations of upper-ocean velocities on any single cruise. The threat of mooring blowover and/or damage by icebergs prohibits moored observations of mixedlayer currents in the Southern Ocean. Therefore, despite their importance for global climate, Southern Ocean Ekman currents and transport have yet to be observed directly in the open ocean and are usually inferred from the wind using classical Ekman (1905) theory. Without direct measurement of the vertical profile of mean Ekman currents, accurate predictions of the Ekman layer depth, mean temperature, eddy viscosity, and associated Ekman layer heat fluxes cannot be made.
High-resolution, repeat shipboard observations of upper-ocean velocities and temperature in Drake Passage ( Fig. 1) provide an opportunity to resolve the vertical profile of Southern Ocean Ekman currents and the mean Ekman layer transport. A summary of classical Ekman (1905) theory is provided in section 2. The Drake Passage datasets used in this analysis are described in section 3. The observed mean Ekman currents are presented in section 4. The balance between the mean wind stress and Ekman transport is discussed in section 5. The temperature of the Ekman layer is deduced in section 6, and a turbulent eddy viscosity is inferred in section 7. Our results and our conclusions are summarized in section 8.
Background
At high latitudes in the Southern Hemisphere, the largely zonal winds are expected to drive a timeaveraged equatorward Ekman transport,
where M E is the Ekman transport, and M y is its meridional component; h E is the depth of the Ekman layer; y E is the meridional Ekman current; r is the density of seawater; f is the Coriolis parameter; t x o is the zonal component of the surface wind stress; and the overbar ( 2 ) denotes time averaging. Ekman (1905) assumed that momentum from the wind is transferred downward by a turbulent stress t(z) that is dependent on a constant eddy viscosity K and the vertical shear of the currents,
where U E 5 u E 1 iy E is the complex Ekman velocity and t 5 t x 1 it y is the complex turbulent stress. Ekman's (1905) solutions for the steady winds acting on an infinitely deep homogeneous ocean describe currents that decay with depth and spiral anticyclonically from the surface (z 5 0, z is positive upward). Their generalized form given as in Chereskin and Price (2001) is   FIG. 1 . Map of Drake Passage. Bathymetry is shaded in grayscale with LMG cruise tracks overlaid (dotted lines). Mean Ekman currents and wind stresses are computed from observations within the region bounded by the thick dashed line. Mean locations of the three main fronts of the ACC (from north to south: sub-Antarctic front, polar front, and southern ACC front) as determined by Orsi et al. (1995) are shown (thick gray lines). The geographic locations of Tierra del Fuego (TdF) and the Shackleton Fracture Zone (SFZ) are marked.
where
) depends on the surface wind stress t o and the eddy viscosity K. The eddy viscosity also controls the vertical decay scale
, over which the current amplitude decays by a factor of 1/e and the velocity vector rotates by 1 rad.
The Drake Passage datasets a. ADCP observations
The underway shipboard acoustic Doppler current profiler (ADCP) data were collected by the Antarctic Research and Supply Vessel (ARSV) Laurence M. Gould (LMG), which frequently traverses Drake Passage, crossing the three main fronts of the ACC-Subantarctic Front, Polar Front, and Southern ACC Front; Fig. 1 -to supply Palmer Station and conduct scientific cruises. The 153.6-kHz ADCP transducer is mounted in a sonar pod in the hull of the ship. The transducer depth is 6 m, the ''blank-before-transmit'' is 8 m, and the vertical depth bin is 8 m. A pulse length of 16 (8) m was used prior (post) November 2004, with the shallowest depth bin centered at 26 (22) m. Every other depth bin is approximately independent. Sonar pings are averaged in 300-s ensembles. An Ashtech GPS attitude sensing array (King and Cooper 1993 ) is used to correct gyrocompass heading, and the ship-relative currents are referenced to earth using P-code GPS. CODAS3 software (available online at http://currents.soest.hawaii.edu/ software/codas3) is used to process and edit the data. Measurement errors in the absolute velocities computed from 300-s ensemble averages are of O(1 cm s 21 ; Chereskin and Harding 1993; Chereskin and Harris 1997) and are considerably less than the standard deviation of currents in Drake Passage O(30-60 cm s 21 ) over the record length of the observations in any given location. This analysis incorporates ADCP data from 156 crossings between South America and the Antarctic Peninsula undertaken between September 1999 and October 2006. LMG cruise tracks in Drake Passage during this period are shown in Fig. 1 . The Drake Passage high-resolution ADCP observations constitute an irregular time series of two-dimensional currents in the top 300 m in Drake Passage and are described by Lenn et al. (2007) .
b. XBT-XCTD observations
Repeat expendable bathythermograph (XBT) and expendable conductivity-temperature-depth (XCTD) surveys of Drake Passage, 6 times yearly, are also part of the ongoing observations conducted by the LMG and are described in detail by Sprintall (2003) . XBT probes are deployed every 10-15 km between the 200-m isobaths at either end of Drake Passage, with higher resolution (5-10 km) across the Subantarctic Front and Polar Front (Fig. 1) . XCTD probes were used intermittently on the early XBT surveys, and more recent XBT surveys include six XCTD probes evenly spaced across Drake Passage. Water temperatures and conductivity are consistently returned down to a depth of 800 m; depths determined from the fall rate model were expected to have a 3% accuracy below the mixed layer and better accuracy above (Wijffels et al. 2008 ). This study uses 37 XBT-XCTD surveys of upper-ocean temperature coincident with ADCP velocities between September 1999 and December 2004.
c. Winds
Four different gridded wind products covering the period September 1999 to October 2006 are used in this study. In each case, we have used the wind stress where provided or computed the wind stress from winds or psuedostresses at 10 m above sea level using drag coefficients from Yelland and Taylor (1996) for wind speeds in the 3-26 m s 21 range. For wind speeds outside of this range, we have assumed constant drag coefficients set to the minimum or maximum values determined from Yelland and Taylor (1996) , as in Gille (2005) . To match the region densely covered by ADCP observations, we have included only wind data points within the dashed line in Fig. 1 . The National Centers for Environmental PredictionNational Center for Atmospheric Research (NCEP-NCAR) global reanalysis project (Kalnay et al. 1996; Kistler et al. 1999) assimilates atmospheric data to estimate over 80 different variables on 28 vertical sigma levels. We computed wind stresses for this study from the NCEP-NCAR reanalysis 10-m winds, provided on a 192 3 94 Gaussian grid at 6-hourly intervals.
A second gridded wind product (IFR/CER) is produced by the Institut Francais de Recherche pour l'Exploitation de la Mer (IFREMER), Department of Oceanography and the Centre ERS d' Archivage et de Traitement (CERSAT). Daily mean winds at 10 m above sea level and surface wind stresses are estimated following a statistical interpolation of QuikSCAT scatterometer observations, using an objective method, onto a 0.58 3 0.58 latitude-longitude grid. The IFREMER-CERSAT algorithm uses drag coefficients from Smith (1998) in the estimation of the IFR-/CER wind stresses included in this study. These data were obtained from CERSAT, at IFREMER, Plouzané, France.
A third wind product blends observations from the QuikSCAT scatterometer with the NCEP reanalysis (Milliff et al. 2004) . To produce the high temporal and spatial resolution dataset (6-hourly, 0.58 3 0.58 latitudelongitude grid), QuikSCAT swath wind retrievals are retained and augmented where absent with low-wavenumber NCEP-NCAR reanalysis fields combined with a high-wavenumber component derived from QuikSCAT monthly statistics (algorithm adapted from Chin et al. 1998) . Wind stresses used in this study are computed from the 10-m blended wind fields.
The Florida State University's Center for OceanAtmospheric Prediction Studies (COAPS) produces the fourth gridded wind product we considered. The COAPS wind product utilizes global data from the National Aeronautics and Space Administration (NASA) scatterometers (NSCAT and QSCAT) to map pseudostress wind values at 6 h 3 18 latitude 3 18 longitude resolution. The wind psuedostresses are produced by minimizing a cost function that matches the gridded values to the scatterometer data, and the wind divergence and curl to that of the background field (Pegion et al. 2000) .
The wind-driven Ekman spiral
Wind-driven Ekman currents have been difficult to observe directly because, even when forced by strong winds, their magnitudes are small compared to the background geostrophic circulation. To recover the Ekman current signal from a total velocity measurement, the underlying geostrophic velocity must be subtracted from the observations. In the case of surface drifters, the local surface geostrophic current is inferred from instantaneous sea surface height and the remaining ageostrophic drifter velocity is attributed to Ekman currents (Rio and Hernandez 2003; Elipot 2006) . If CTD observations are available together with shipboard ADCP measurements, the geostrophic shear may be estimated directly and subtracted from ADCP currents (e.g., Chereskin and Roemmich 1991) . For other shipboard and moored ADCP current measurements, the geostrophic current is typically assumed to vary with depth much more slowly than the Ekman currents, and therefore may be represented by the total observed current at some level deep enough to be below the Ekman layer. The Ekman currents are then taken to be the currents remaining after this deep reference current has been subtracted from the observed currents at shallower depths (Price et al. 1987; Wijffels et al. 1994; Chereskin 1995) . The challenge is to determine the depth at which the current is purely geostrophic, in other words, the depth of the Ekman layer.
It is reasonable to assume that the Ekman currents will be more steeply sheared with depth than the geostrophic currents, since they are driven by wind momentum input at the surface as opposed to large-scale density gradients. Consequently, we would expect the ageostrophic shear in the Ekman layer to exceed the geostrophic shear. The magnitude of the cross-track component of the geostrophic or baroclinic shear may be inferred from the XBT and XCTD observations in Drake Passage and is found to be approximately 10 24 s 21 in the top 300 m (Fig. 2a) . This compares fairly well with the magnitude of the mean cross-track component of the shear in the ADCP currents, observed concurrently with the XBT-XCTD surveys, of about 1 3 10 24 s 21 below 100-m depth ( Fig. 2b ). Above 100 m, the mean ADCP shear deviates markedly from the geostrophic shear ( Fig. 2b) , indicating the presence of ageostrophic wind-driven Ekman currents. This implies that the base of the mean Ekman layer in Drake Passage is at or near 100-m depth.
Vertical profiles of the instantaneous ADCP currents referenced to 100-m depth were highly variable with time and location and also in terms of the rotation and the rate of amplitude decay with depth (not shown). This was most likely due to the high temporal variability in the winds, where frequent storms result in 4-day decorrelation time scales calculated for each of the wind products described in section 3c. Therefore, it was necessary to average the instantaneous ADCP currents referenced to 100-m depth to resolve a mean Ekman spiral in Drake Passage.
The ADCP currents are first sorted into 25 km 3 25 km grid boxes and averaged by transect to produce one velocity profile per transect per grid box for the region delineated in Fig. 1 . The mean Ekman spiral (U E ) was then extracted from the ADCP currents (U A ) by subtracting the ADCP velocity at 98-m depth from ADCP velocities above 98 m in each gridded profile [U E (z . 298) 5 U A (z . 298) 2 U A (z 5 298)] and averaging the gridded relative velocity profiles by grid box and then over all Drake Passage (Fig. 3) ; mean profiles from 332 grid boxes that are crossed at least twice by the LMG are included in the calculation. To estimate the degrees of freedom (DOF), we assumed that each crossing was independent, since crossings are at least four days apart. A meridional decorrelation length scale of 500 km in the wind field implies that there is one zonal and two meridional spatial DOF (Fig. 1) and thus 312 DOF for the standard error of the mean observed currents. This degree of averaging was required to resolve a reasonable mean Ekman current spiral (Fig. 3) . Averaging subsets of ADCP velocity profiles sorted either by latitude or season resulted in transport estimates that did not balance the mean surface wind stresses, although these current spirals were still useful for testing the reference depth choice.
The observed Drake Passage Ekman currents decay in amplitude with depth and spiral anticyclonically at depths below 26 m (Figs. 3 and 4a) . Ageostrophic currents calculated using reference depths of 90 and 116 m (not shown) either did not resolve the full vertical structure of the Ekman currents or resulted in a reversal in the direction of rotation of the currents at the deepest level. To test the variation of the optimum reference depth with latitude, mean ageostrophic currents calculated from ADCP profiles sorted by latitude were used to locate the current spiral depths. The optimum reference depth appears to be independent of latitude and a constant 98 m across the Drake Passage region, located just above the base of the annual mean mixed layer at 120 m (Lenn et al. 2007; Sprintall 2003) . In this regard, the Drake Passage Ekman layer depth differs from other directly observed Ekman layer depths at lowto-midlatitudes where Ekman spirals were observed to penetrate well below the mixed layer (e.g., Price et al. 1987; Chereskin and Roemmich 1991; Wijffels et al. 1994; Chereskin 1995). We were unable to get a statistically significant result, however, of the transport per unit mixed layer depth, as in Chereskin and Roemmich (1991) , because of insufficient numbers of cruises with XBT data. An exponential decay may be fitted by the least squares method to the observed decay in Ekman current amplitude (Fig. 4b) predicted from the least squares fit of a constant rate of rotation with depth to the spiraling of the Ekman velocity vector (Fig. 4c) . The observed time-averaged Ekman spiral is compressed such that the speed decays more rapidly than the current vector rotates with depth. This order of magnitude discrepancy between the amplitude decay and the rotation rate of mean Ekman currents has also been noted on the few occasions where the Ekman balance has been observed in the open ocean, mostly at Northern Hemisphere midlatitudes (Price et al. 1987; Chereskin and Roemmich 1991; Wijffels et al. 1994; Chereskin 1995; Price and Sundermeyer 1999, hereafter PS99) . In fact, Chereskin (1995) (1)- (3)] that are discussed further in the section on turbulent stress (section 7).
Ekman transport
To compute Ekman transport from the observed mean Ekman currents, the observed Ekman spiral is integrated vertically upward from the base of the Ekman layer to the surface [Eq. (1)]. This calculation requires an extrapolation of the observations at 26-m depth to the surface. We chose to assume that the upper 26-m layer moves as a slab with the observed mean 26-m Ekman velocity, as previous observations of Ekman currents have provided evidence for the existence of a slab layer just below the surface (Price et al. 1986; Chereskin and Roemmich 1991; Wijffels et al. 1994) . Careful consideration was also given to the calculation of errors that stem from the standard deviation of the observations and from the choice of reference depth (98 m). Calculating observed transport with reference depths of 90 and 116 m provides limits (6r z ) on the error as a result of (Fig. 5) . More observations would reduce the size of the error ellipse and improve the robustness of the observed transport estimate.
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For comparison, we calculated the transports predicted from the wind products [Eq. (1)] and their associated 95% confidence error ellipses assuming 1 temporal degree of freedom every four days, and 1 zonal and 2 meridional degrees of freedom (Fig. 5) . Although there is some agreement between the transports predicted from pairs of wind products, for example, IFR/CER and COAPS and blended and IFR/CER, the predicted Ekman transports do not converge on a single predicted transport; as they do not all agree at the 95% level (Fig. 5) . The relative outlier in the predicted transports is inferred from the NCEP wind product; while the other three predicted Ekman transport are closer together (Fig. 5) .
The observed transport is larger than the wind-predicted transports. Although the observed mean value falls outside all of the error ellipses for the wind-predicted transport, there is substantial overlap between error ellipses for the observations and the NCEP (most similar in magnitude) and blended (most similar in direction) Ekman transports; thus, the Ekman balance for these two wind products and the observations agree with 95% confidence. There is a moderate overlap between the confidence limits of the IFR/CER Ekman transport with that of the observed transport. The COAPS Ekman transport estimate, however, falls totally outside of the observed one; therefore, there is a less than 5% chance that these agree, assuming the error estimates are realistic.
The smaller error ellipses for the wind-predicted transports are much smaller than the error ellipse estimated for the observed transport (Fig. 5) because of the greater DOF ()312) in the gridded wind data. However, there are other uncertainties in the wind estimates that are difficult to assess but which would undoubtedly increase the estimated error. First, the scatterometer may underestimate wind speed and variance, since the instrument has not been extensively validated at high wind speeds. Moreover, the radar backscatter detected by the scatterometer intrinsically measures wind stress, but the quantity is calibrated to represent wind speed and then converted to wind stress using drag coefficients that are not well validated for high wind speed conditions. The spatiotemporal interpolation and smoothing required to produce the gridded winds also likely result in a loss of resolution of the highest wavenumbers and frequencies and hence exclude extreme events that may produce higher mean stress estimates and variances.
Ekman layer temperature
Equatorward heat transport in the Ekman layer is a key component of the meridional overturning circulation of the Southern Ocean and acts in opposition to a poleward heat transport effected by transient eddies (de Szoeke and Levine 1981; Bryden 1979; Bryden and Heath 1985) . The Ekman temperature flux U E T 5 U E T 1 U9 E T9 cannot be calculated directly with confidence as a function of latitude in Drake Passage due to the sparseness of the XBT data. A calculation based on profiles of temperature and velocity in one of the most densely sampled grid boxes in northern Drake Passage showed that U9 E T9 comprises only 1% of the local U E T. The contribution from U9 E T9 is expected to be higher in southern Drake Passage, however, since T9 is expected to be large compared to nearzero mean temperatures, but it cannot be determined with confidence given the fewer observations per grid box. Because the winds are latitudinally divergent over the Southern Ocean (Gille 2005) , the mean observed Ekman spiral may also not be representative of the vertical structure of Ekman currents at every location in Drake Passage. We assume, therefore, that the slabextrapolated observed mean Ekman spiral is representative of a location in the middle of Drake Passage, and that the error introduced by neglecting U9 E T9 and basing estimates of transport-weighted Ekman temperature on U E T alone are likely to be no more than a few percent. The mean observed Ekman spiral and mean temperature T, which we know with confidence, may then be used to directly estimate U E T.
At 58839.350S 63845.5l0W, in the middle of the Polar Front in Drake Passage, the transport-weighted Ekman temperature is 2.34 60.518C and the surface (10 m) temperature at this location is 2.428C. This implies that the mean surface temperature is a good proxy for the mean Ekman temperature, a result that will be useful for computing the Ekman layer heat flux when a reference temperature for the meridional heat flux is known. Mean surface temperatures increase equatorward across Drake Passage, and this is consistent with a buoyancy gain in the Ekman layer as it flows equatorward across the Polar Front as deduced by Speer et al. (2000) .
Turbulent stress and Ekman layer eddy viscosities
Our attempt to estimate eddy viscosity K from the observed Ekman spiral (section 4) points to a fundamental problem with the theory: the assumption that the turbulent stress may be parameterized as a constant K times the vertical shear of horizontal currents [Eq. (2)]. A number of alternative theoretical models have been proposed that attempt to better describe winddriven current dynamics by choosing different boundary conditions and/or allowing the eddy viscosity to vary with depth (e.g., Thomas 1975; Madsen 1977; Price et al. 1986; Lewis and Belcher 2004) . By looking at spectral transfer functions of Ekman currents observed by surface drifters at 15-m depth and surface winds, Elipot (2006) deduced that the observations were best matched by models in which the Ekman layer is finite with velocities that vanish at its base. Elipot (2006) also found that the performance of these finite-layer Ekman models was improved when the eddy viscosity K was allowed to vary linearly with depth to parameterize the increase in wind-forced turbulent eddy length scales, and hence eddy viscosity (Prandtl 1952) , with depth. If K is allowed to vary with depth, Eq. (2) may be rewritten as
Integrating with respect to z gives the following relationship between the turbulent stress and the shear
Deducing the vertical structure of the eddy viscosity K(z) then becomes a matter of estimating the turbulent stress and shear in the Ekman currents.
The mean turbulent stress profile may be estimated by integrating the mean observed Ekman currents vertically upward from the reference depth (h E ), such that
Applying the zero velocity bottom boundary condition (U E (Àh E ) 5 0 cm s À1 ) and assuming that the mean Ekman currents above 26 m move as a slab layer with the 26-m mean Ekman velocity, we find that the stress increases as the depth shallows and approaches the mean surface wind stress values from all four wind products in Drake Passage (Fig. 6) . As for the Ekman transport calculation, 95% confidence limits are estimated by combining standard errors in the observations and variations in the reference depth choice. Similarly, 95% confidence limits in the mean surface wind stresses are calculated by doubling the standard deviations of the respective wind stresses over the 7-yr period and assuming that there is one temporal DOF every four days, and one zonal and two meridional DOF in Drake Passage. We find that both zonal and meridional components of the estimated surface stress and the mean gridded wind stresses appear to match at 95% confidence (Fig. 6a) . This is consistent with the errors in our transport calculation if one were to project the widths and heights of the error ellipses onto the zonal and meridional axes. A comparison of the stress error ellipses (Fig. 6b) confirms that, as in the transport calculation, the integrated Ekman surface stresses disagree with the mean COAPS and IFR/CER stresses and agree with the mean blended and NCEP wind stresses at 95% confidence. This degree of agreement between the observations and gridded wind products provides confidence in our estimate of the turbulent stress profile.
The vertical shear calculated from the observed mean Ekman currents also decreases with depth (Fig. 7) . The magnitude of the Ekman layer shear falls to 10 24 s 21 at 90-m depth (Fig. 7) , corresponding to the mean XBT-XCTD geostrophic shear (Fig. 2) . A second point of interest is that unlike the stress, the northward component of the shear is always positive in the Ekman layer, which means that the shear and stress vectors are not parallel. The stress vectors are found to be more nearly parallel to the wind stress than the shear vectors, particularly at the surface (Figs. 6 and 7) . PS99 state that a nonparallel stress-shear relationship is consistent with a compressed Ekman spiral that results in the inference of a complex eddy viscosity K(z) (Fig. 8 ) from Eq. (6).
The complex K(z) inferred from the ratio of the observed stress (Fig. 6 ) and shear (Fig. 7 ) decreases in magnitude from ;1000 cm 2 s 21 at 26-m depth to near zero at the base of the Ekman layer (Fig. 8) . The phase of K(z) is always negative, indicating that the stress is rotated to the right of the corresponding shear vector, with the rotation increasing from 41.28 to 75.58 at deeper levels. These results are analogous to the findings of PS99 based on observations along a section at 108N, where the inferred |K(z)| also decreased from a value of ;600 cm 2 s 21 at about 20-m depth to near zero at 80-m depth. PS99 found the observed stress to be rotated to the left of the shear, increasing dramatically from 2208 to ;458 over the 20-50-m depth range, below where the phase of K(z) remains constant with depth. In an earlier analysis of moored surface observations in the California Current system by Chereskin (1995) , the relative phase of stress and shear was neglected, and the eddy viscosity was inferred from the ratio of the magnitude of the stress to the magnitude of the shear. Chereskin (1995) found values of |K(z)| in the 100-200 cm 2 s 21 range that decreased slightly with depth. An interesting outcome of the Chereskin (1995) study was the examination of the production-dissipation balance hypothesis for the turbulent flux of momentum as a result of shear instabilities in the mean flow (e.g., Gregg et al. 1985; Dillon et al. 1989) , in which
where e is the rate of dissipation that may be directly measured. Chereskin (1995) found that the total turbulent stresses inferred from the California Current velocity observations were in excellent agreement with a functional fit to Dillon et al.'s (1989) stress regression based on observed dissipation and shear in the equatorial Pacific. Similar wind conditions prevailed during both experiments. Chereskin's (1995) estimates of turbulent stress in the Ekman layer were of similar magnitude to our estimates in Drake Passage, and Chereskin's (1995) estimates also decreased in an approximately exponential fashion with depth. Chereskin (1995) concluded that within the Ekman layer, momentum is transferred by turbulence generated through shear instabilities. PS99 opted for an alternative approach to understanding Ekman dynamics, choosing not to ignore the complex nature of K(z) inferred from Eq. (6). Instead, PS99 considered several models of diffusion from which eddy diffusivity may be deduced, paying particular attention to the results of Price et al. (1986) and Wijffels et al. (1994) , suggesting that a compressed Ekman spiral is produced by time-averaging well-mixed currents in a mixed layer that varies in depth in response to diurnal buoyancy fluxes. Using layered models that included the varying stratification, PS99 were able to make predictions of time-average Ekman current spirals that matched the observations. This led them to propose a complex laminar diffusion model with a complex turbulent eddy viscosity K that depends principally on the friction velocity (U Ã 5 ffiffiffiffiffiffiffiffi ffi t o /r p ), maximum daily surface heat flux, the period of diurnal warming, and latitude. However, PS99 stressed that the complex K is formal and nonphysical, as the compression of the mean Ekman spiral is mainly an artifact of time averaging over the diurnal cycling in the stratification instead of physical properties of upper-ocean turbulence. Interestingly, a prediction by PS99 that at high latitudes the transport is trapped in the upper part of the Ekman layer, the ''diurnal'' layer, is consistent with our observations. Another interpretation of the complex eddy viscosity is that it can be viewed as adding an asymmetric (or skewed) component in the stress tensor in Eq. (2) (P. Cessi 2008, personal communication) . A nonparallel stress-shear relation could arise from the action of internal and surface gravity waves and their associated momentum flux. Surface gravity waves have already been shown to modify the surface boundary condition. Polton et al. (2005) showed that interaction between the surface wave-induced Stokes drift and the Coriolis force results in a vertical momentum transport that rotates FIG. 7 . Eastward (black dots) and northward (gray dots) components of shear in the Ekman layer computed from the observed mean Ekman currents. The magnitude of the shear is also shown (black circles).
FIG. 8. Real (black dots) and imaginary (gray dots) components of the inferred eddy viscosity K(z). The magnitude of the eddy viscosity |K(z)| is also shown (black circles) together with the rotation angle of K(z). Negative angles indicate that the stress is rotated to the right of the corresponding shear vector.
the time-averaged Ekman current spiral, such that the surface Ekman current is rotated to .458 from the mean wind stress (also seen in Fig. 3 , assuming the surface moves with the 26-m velocity). This leads to questions of how the action of internal gravity waves may affect the subsurface structure of Ekman current spiral. Other physical processes that may affect the time-average Ekman currents include the mixed-layer response to high-frequency variability in the winds (McWilliams and Huckle 2006; Elipot 2006 ).
Conclusions
The Southern Ocean Ekman spiral extracted from the highly resolved but irregularly distributed Drake Passage ADCP observations provides the first observational evidence of the Ekman balance within the Antarctic Circumpolar Current. The observed time-mean Ekman currents decay in amplitude with depth and rotate anticyclonically from the surface. The observed mean Ekman transport appears to balance the momentum input by the surface wind stresses with 95% confidence (section 5), although the gridded wind products considered tended to underestimate the magnitude of the observed transport (Fig. 5) . Surface temperature was at most 0.18C higher than the transport-weighted temperature of the Ekman layer, and thus is a good approximation of the mean temperature transported equatorward by the Ekman flow.
As in other observations, the mean Ekman current spiral is compressed relative to predictions from Ekman theory that assumes a constant eddy viscosity K in the Ekman layer, decaying in amplitude more rapidly that it rotates with depth. By applying a modification to Ekman theory that assumes that turbulent stress within the winddriven layer depends on a depth-dependent eddy viscosity K(z) and the shear of the observed mean Ekman currents [Eq. (6)], we were able to infer K(z) from the observations. The inferred K(z) had magnitudes in the O(10 2 -10 3 cm 2 s 21 ) range and was complex, consistent with a compressed Ekman spiral where the stress is not parallel to the shear. Time-averaging observations subject to the diurnal cycling of the mixed layer (Price et al. 1986; Wijffels et al. 1994; PS99) , the CoriolisStokes drift interaction due to surface wave actions (Polton et al. 2005) , or nuances in the response of the wind-driven currents to high-frequency variability in the winds may all contribute to the observed compression of the Ekman spiral. Diurnal cycling of the mixed layer is not inconsistent with a turbulent transfer of momentum as a result of high shear instabilities (Chereskin 1995) expected at the base of the mixed layer. The challenge that remains is to quantify how these various mechanisms may produce the apparent asymmetry in the shear-stress relation seen in open-ocean observations of Ekman currents.
